or ZP1 (Miller et al., 1992) . Purified GalTase, inhibitors of GalTase, and antibodies to GalTase each block spermegg binding. (Shur and Neely, 1988) . Overexpression of sperm surface GalTase in transgenic mice leads to the production of sperm that bind more radiolabeled ZP3 and are hypersensitive to ZP-induced acrosome reactions. (Youakim et al., 1994) . Crosslinking of GalTase by anti-GalTase antibodies activates G proteins and induces the acrosome reaction (Miller et al., 1992; . In addition, modifications of the GalTase binding site on ZP3 by an N-acetylglucosaminidase released from egg cortical granules upon egg activation can account for the absence of sperm binding activity of ZP3 on the fertilized egg and two-cell embryo. Correspondingly, inhibition of the cortical granule N-acetylglucosaminidase blocks the inactivation of sperm binding that normally accompanies fertilization (Miller et al., 1993) . Although the precise location of GalTase on the sperm head, the extent of the acrosome reaction induced by GalTase crosslinking (Cardullo and Wolf, 1995) , and the species specificity of GalTase remain to be clarified, collectively the findings cited above support a role for GalTase in sperm-egg binding and signaling.
A second candidate ZP adhesion molecule, sp56, emerged as one of the few sperm proteins that is radiolabeled preferentially by a photoactivatable crosslinker covalently linked to ZP3 (Bleil and Wassarman, 1990) . sp56 also binds tightly to ZP3 affinity columns and to ZP3 oligosaccharides recognized by sperm, but not to ZP from fertilized eggs. The sp56 protein is localized to heads of fixed, acrosome-intact sperm, and purified sp56 blocks sperm-egg binding (Bleil and Wassarman, 1990; Bookbinder et al., 1995; Cheng et al., 1994) . Recent studies show that sp56 is a peripheral membrane protein unique to testis, that its mRNA is detectable only in spermatids and testicular spermatozoa, and that a highly related sp56 homolog is present in hamster but not in guinea pig or human. Analysis of the deduced amino acid sequence of sp56 indicates that it contains multiple consensus repeats of 60 amino acids, termed Sushi domains, making sp56 a member of a protein lectins (Bookbinder et al., 1995) .
Although the data cited above support the idea that and most extensive experimental support. Although the sp56 is a ZP3-binding protein, further experiments are biosynthetic Golgi form of this enzyme is better known, required to learn more about its physiological role in the both somatic cells and sperm express a cell surface initial steps of sperm-egg binding. For example, it will GalTase that functions as a receptor for extracellular be important to determine if sp56 is on the surface of oligosaccharide ligands with terminal GlcNAc (Miller et live sperm, whether anti-sp56 monoclonal antibodies al., 1992) . GalTase first was implicated in ZP adhesion interfere with sperm-egg binding, and finally, since sp56 more than 15 years ago when it was reported that mouse is a peripheral membrane protein, whether it associates sperm carrying certain t haplotypes had increased fertilwith a transmembrane protein that links it to a signaling izing ability that correlated with increased levels of surpathway. face GalTase activity (Shur and Bennett, 1979) .
The third candidate ZP adhesion molecule is mouse The evidence supporting roles for GalTase is as folp95, which became a candidate adhesion molecule belows. Sperm GalTase is found on the surface of live cause of its ability to bind radiolabeled ZP3 on ligand sperm and interacts selectively with blots of total sperm proteins. As outlined below, mouse ZP3, as evidenced by its ability to transfer 3 H-galactose p95 is a tantalizing candidate because it is phosphorylated on tyrosine and because a cDNA for a putative only to ZP3 and not to the other mouse ZP proteins, ZP2 Oligosaccharides terminating in ␤-Gal or in GlcNAc are ligands on the ZP3 polypeptide that bind to adhesion molecules on the plasma membrane of acrosome-intact sperm. Three candidate ZP adhesion molecules have been identified: a plasma membrane form of GalTase; a peripheral membrane protein, sp56; and a tyrosine-phosphorylated protein, mouse p95. One or more of these molecules presumably couple to signaling pathways that regulate the Ca 2ϩ influx required for the acrosome reaction. This figure and most of the text pertain to the mouse system. human analog encodes a transmembrane tyrosine kiwhich have protein kinase activity and undergo autophosphorylation (Herrero et al., 1989) . p95/hexokinase nase. Thus, binding of ZP3 to mouse p95 could activate the protein tyrosine kinase activity of mouse p95 and behaves as an integral membrane protein with a cell surface-exposed domain, and it is found on the head initiate a signaling cascade leading to the acrosome reaction. While this is an appealing hypothesis, the moand flagella of sperm . Even though recent experiments with sperm from sterile mutant mice lecular identity of mouse p95 and the relationship between mouse p95 and the putative human analog remain suggest a possible role for p95/hexokinase in fertilization, at present it is not considered a strong candidate to be established.
Evidence suggesting that mouse p95 participates in as an adhesion/signaling molecule (Olds-Clarke et al., 1996; Visconti et al., 1996) . adhesion/signaling consists of the observations that its levels of tyrosine phosphorylation increase during caIt should be noted that the relative migration on SDS-PAGE gels of the major 95 kDa proteins of mouse sperm pacitation (and again during the acrosome reaction) and that protein eluted from the 95 kDa portion of SDSdepends on the presence or absence of reducing agents and varies from laboratory to laboratory. Hence, alpolyacrylamide gel electrophoresis (SDS-PAGE) gels of mouse sperm proteins has protein kinase activity that though monoclonal antibody LL95 and an anti-hexokinase antibody do not appear to recognize the same can be stimulated by ZP proteins in a manner sensitive to protein tyrosine kinase inhibitors (Leyton and Saling, proteins (Leyton et al., 1995) , the structures and functions of the originally described mouse p95 (Leyton and 1989; Leyton et al., 1992) . Furthermore, a monoclonal antibody, LL95, raised against an electroeluted 95 kDa Saling, 1989) , the LL95 antigen , and p95/hexokinase (Kalab et al., 1994) remain to be protein from mouse sperm membranes stains mouse sperm heads and inhibits sperm-egg binding (Leyton et clarified. Resolutions to these issues are needed before roles for these 95 kDa proteins can be ascribed with al. , 1995) .
A critical issue in this story is the molecular identity confidence. Moreover, if mouse p95 does play a role in initial sperm-egg interactions, it should be possible to of mouse p95, as the LL95 antigen has not yet been cloned and sequenced. Moreover, mouse sperm exdemonstrate binding between ZP3 and p95 on live mouse sperm or on p95-transfected cells. press multiple tyrosine-phosphorylated proteins that migrate at ‫59ف‬ kDa on SDS-PAGE and that appear to
In studies with human sperm, an antibody against a peptide derived from a newly cloned cDNA, hu9, immuhave different properties. One of these proteins, referred to as p95/hexokinase, is a testis-specific, tyrosine-phosnoprecipitates a 95 kDa tyrosine-phosphorylated protein. The immunoprecipitated protein has protein kinase phorylated hexokinase (Kalab et al., 1994) , homologs of activity that can be stimulated by recombinant human about remodeling of the sperm surface, with a portion of the original plasma membrane being replaced by the ZP3 in immune complex assays (Burks et al., 1995) .
newly exposed inner acrosomal membrane. Although Synthetic peptides corresponding to regions of the exmany of the details of this process remain unclear, memtracellular domain of HU9 (referred to as zona-receptor brane proteins undergo changes in location and activity kinase) inhibit sperm-egg binding. In the mouse, tranrequired both for continued adhesion to the ZP as well scripts that hybridize with hu9 were detected exclusively as for fusion with the egg plasma membrane (Myles, in the luminal compartment of the seminiferous tubules.
1993; Yanagimachi, 1994) . The hu9 cDNA encodes a transmembrane protein tyroOur understanding of the signal transduction mechasine kinase with a catalytic domain similar to that of nisms that couple sperm binding to the ZP with acrosothe proto-oncogene, v-ryk. Although HU9 has properties mal exocytosis is at an early stage. One of the central consistent with a role in ZP3-mediated signal transducfeatures of the acrosome reaction is an influx of extraceltion, it remains to be shown that human ZP3 binds to lular Ca 2ϩ . By analogy with other regulated exocytic HU9 on intact human sperm (or transfected somatic events, this influx likely promotes the requisite fusion cells) or that HU9 is localized to the head region of the reaction between the acrosomal membrane and the plasma membrane of live human sperm. In addition, overlying sperm plasma membrane ( Figure 1B ). It has although it is highly likely, it remains to be shown forbeen shown recently that interaction of sperm with ZP mally that HU9 has tyrosine kinase activity, as the antiproteins initiates the sequential activation of a poorly body used for this purpose was directed against a pepselective cation channel and a voltage sensitive Ca 2ϩ tide that is also present in c-mer, a highly related human channel, thereby leading to large increases in intracellutransmembrane tyrosine kinase whose mRNA is exlar Ca 2ϩ (Florman, 1994) . While the mechanisms leading pressed in testis (Graham et al., 1994 Heterotrimeric G proteins of the class Gi1 and Gi2, which acrosin, and zonadhesin in pig (Wassarman, 1995) . Zoactivate voltage-dependent Ca 2ϩ channels in other sysnadhesin is particularly noteworthy as it shows high tems, can be activated in mouse sperm membranes by affinity species-specific binding and contains carbohyinteraction with solubilized ZP protein (Ward et al., 1994) . drate-binding domains (Hardy and Garbers, 1995) .
Gi proteins also appear to be involved in the acrosome reaction evoked by antibody-induced aggregation of Too Many Adhesion Molecules?
GalTase on the sperm surface . MoreOnce all of these potential ZP adhesion molecules are over, G ␣q /11, the ␤1 subunit of phospholipase C, and tested by time, it would not be surprising if many of IP 3 receptors have been found in the acrosomal region them remain as important players in fertilization. Spermof mouse sperm (Walensky and Snyder, 1995) . Thus, egg or sperm-ZP(3) adhesion in vitro is an operational ZP3-induced activation of a G q -coupled adhesion moledefinition that will vary from laboratory to laboratory, cule could lead to IP 3 production, efflux of Ca 2ϩ from the and both low affinity-high capacity as well as high affinacrosome through an IP 3 -gated channel in the acrosome ity-low capacity binding interactions almost surely will membrane, and consequent activation of a voltagebe important. The various candidates may represent gated Ca 2ϩ channel in the plasma membrane. In addiredundant functions to ensure that this most important tion, adenylyl cyclase activity of sperm membranes has of events for a species occurs without fail. Alternatively, been shown to be regulated by interactions with ZP the proteins each may play a different role in adhesion molecules in in vitro assays (Leclerc and Kopf, 1995) ; and signaling, as has been shown for several adhesion and finally, the acrosome reaction may be subject to molecules on immune cells (Springer, 1994) or as is regulation by hormones present in the vicinity of the egg the case for several proteins that play distinct roles in (Roldan et al., 1994) . binding and responding to soluble ligands (Schlessinger Studies of gamete interactions in other species have et al. , 1995) . That unique ZP adhesion proteins have yielded a similar abundance of possible mechanisms been identified in sperm of other mammalian species and candidate signaling molecules. In marine invertemay indicate that sperm-egg adhesion molecules have brates, guanylyl cyclase activation, ion fluxes, and pronot been conserved in evolution; rather, it may be that tein phosphorylation accompany signaling (Ward and variations in these gamete adhesion molecules drive . In the green alga Chlamydomonas, a G speciation (Goodenough et al., 1995; Swanson and Vac- protein-independent adenylyl cyclase has been shown quier , 1995) .
to be regulated by adhesion between gametes of opposite mating types. The adenylyl cyclase is regulated by Signaling the Acrosome Reaction protein phosphorylation, possibly via a protein tyrosine While the initial interactions at the surface of the ZP kinase substrate that itself is a protein kinase (Zhang et essentially go unnoticed by the egg, the acrosome reacal., 1991; Kurvari et al., 1996) . tion that they initiate is critical for transforming the sperm After the acrosome reaction sperm must maintain their into a fusogenic cell (Yanagimachi, 1994) . In addition to association with the ZP as they make their way to the release of hydrolytic enzymes presumably required for egg plasma membrane. In mouse, ZP2 serves as a secondary binding molecule in the egg ZP (Bleil et al., 1988) sperm to penetrate the ZP, the acrosome reaction brings Mouse sperm labeled with a fluorescent lipid probe, rhodamine phosphatidylethanolamine, were incubated with zona-free mouse eggs at fusion-restrictive (15ЊC) and fusionpermissive (37ЊC) temperatures for 30 min. Paired phase contrast and confocal fluorescent images showed that whereas sperm binding is evident at 15ЊC (A and B), spermegg fusion has occurred at 37ЊC (C and D).
for an as yet unidentified mouse sperm surface protein.
until recently there were no compelling candidates for proteins that would enact intercellular fusion reactions. A likely candidate is a mouse homolog of PH20, a GPIlinked guinea pig sperm surface protein involved in bindAn hypothesis for sperm-egg fusion, based on viral models, is that a protein complex with dual binding and ing of acrosome-reacted sperm to the ZP (Primakoff et al., 1985; Thaler and Cardullo, 1995) . Interestingly, PH20, fusion functions would be found on the sperm or egg, and that a receptor(s) for this binding/fusion complex which is exposed on the surface of both acrosomeintact and acrosome-reacted guinea pig sperm, conwould be found in the plasma membrane of the opposite gamete. Interaction between these sets of complementains a domain with hyaluronidase activity and is involved as well in an earlier step in fertilization, penetratary proteins would induce a conformational change in the binding/fusion complex, leading to exposure of a tion through the cumulus layer of cells surrounding the egg (Lin et al., 1994) .
hydrophobic fusion domain that would interact with the target lipid bilayer to consummate fusion (White, 1996) . Antibody inhibition studies have implicated several Adhesion, Fusion, and Signaling at the Egg Plasma Membrane sperm surface proteins in binding and fusion (Myles, 1993; Allen and Green, 1995) . Of these, a complex reSperm that have traversed the ZP are poised to bind to and fuse with the egg plasma membrane (Figure 3) . ferred to as fertilin (previously, PH-30) has been characterized in greatest detail. The seminal observation impliAlthough numerous proteins involved in intracellular fusion reactions have been identified (Rothman, 1994) , cating fertilin was the demonstration that an anti-fertilin which fertilin ␣ and ␤ are the prototypes. ADAMs comprise a large and widely distributed family of transmembrane proteins that contain A Disintegrin And Metalloprotease domain (Wolfsberg et al., 1995) ; several, in addition to fertilin ␣ and ␤, are expressed in spermatogenic cells (Linder et al., 1995; Wolfsberg et al., 1995) . Other participating sperm proteins may include antigens implicated from antibody inhibition studies: M29 in the mouse, DE in the rat, MH61 in the human, and G11 and M13 in the guinea pig (Myles, 1993 ; Allen and Green, sperm (Foltz et al., 1993) functions in mammalian fertilization.
monoclonal antibody inhibits sperm-egg fusion in vitro (Primakoff et al., 1987) . Cloning of cDNAs encoding ferSperm-Egg Fusion tilin revealed the presence of a "disintegrin" domain How sperm and egg actually fuse remains a mystery. (Blobel et al., 1992) . Soluble disintegrins from snake An indication that fertilin might be involved in the merger venom are high affinity integrin ligands that disrupt inteof sperm and egg plasma membranes was the observagrin-mediated attachment to the extracellular matrix.
tion that the fertilin ␣/␤ complex shares traits with certain The observation that the transmembrane protein fertilin viral fusion proteins including membrane topology, propossesses a disintegrin domain led to the hypothesis cessing from larger subunits, and predicted binding and that fertilin binds to an integrin on the egg plasma memfusion domains (Blobel et al., 1992) . The predicted fusion brane (Figure 4) . domain in fertilin ␣ bears similarity to viral "fusion peptides." These are short ‫52-71ف(‬ amino acids) hydrophobic sequences found in transmembrane-anchored subPlasma Membrane Adhesion: Sperm Fertilin/Egg Integrins units; they can be modeled generally as amphipathic ␣ helices. As for any potential fusion peptide, the possibilSeveral observations have supported, but not proven, the fertilin/integrin hypothesis. First, integrins are presity that the candidate fusion peptide in fertilin ␣ truly functions as such must be tested by a combination ent on the egg plasma membrane (Almeida et al., 1995; Bronson et al., 1995; Evans et al., 1995) ; the major ones of mutagenesis and functional analysis coupled with phospholipid labeling studies (Durrer et al., 1995) . Sevso far detected on the mouse egg are ␣v␤3 and ␣6␤1. Second, peptide analogs of the fertilin ␤ disintegrin doeral findings, however, support this possibility. All fertilin ␣ subunits analyzed to date contain a sequence that main, which contain sequences such as QDEC and TDEC at the center of their predicted binding loops, fulfills the criteria of a candidate fusion peptide (Wolfsberg et al., 1995) . A synthetic peptide corresponding to inhibit sperm-egg binding and fusion Almeida et al., 1995; Evans et al., 1995) . Third, an antithe candidate fusion peptide from guinea pig fertilin ␣ binds to and fuses artificial liposomes (Muga et al., body against the ␣6 integrin subunit inhibits binding between mouse sperm and eggs (Almeida et al., 1995 (Almeida et al., ). 1994 . And lastly, a new member of the ADAM family, meltrin ␣, has been implicated in myoblast fusion (YaFourth, cells that express ␣6␤1 integrin on their surface bind mouse sperm to a greater extent than their ␣6-or gami- Hiromasa et al., 1995) . Based on studies with several viruses, a working hy-␤1-negative counterparts (Almeida et al., 1995) . Hence in the mouse, the integrin ␣6␤1, which does not interact pothesis for how fertilin might mediate membrane fusion is as follows: An interaction between fertilin and its egg with RGD peptides, appears to play a key role. In the golden hamster, whose eggs are promiscuous for crossreceptor, proposedly an integrin, would induce conformational changes in fertilin that would allow its fusion species fertilization, an RGD-binding integrin appears to be involved in sperm-egg binding (Bronson et al., peptide to bind hydrophobically to the egg plasma membrane. The fusion peptide may interact with the target 1995).
It is now necessary to determine whether fertilin, parmembrane as either an amphipathic ␣ helix or an amphipathic ␤ sheet (or both) at different stages of fusion ticularly the disintegrin domain of fertilin ␤, binds directly to an integrin on the egg plasma membrane (Figure 4) . If (Muga et al., 1994; Nieva et al., 1994) . Thus hydrophobically tethered, a small cluster of fertilin complexes this proves to be so, it will be interesting to determine if this interaction is regulated, as are other integrin-ligand would induce hemifusion, followed by the formation and opening of a fusion pore (see figure 4 in White, 1996) . interactions (Clark and Brugge, 1995) , and whether it leads to fusion.
The fertilin receptor could play an active or a passive role in fusion, and "accessory factors" may be involved. As is true for sperm-ZP binding, it is likely that additional proteins participate in binding and fusion at the The active fusion complex on sperm could involve fertilin ␣/␤ either alone or in conjunction with other sperm suregg plasma membrane. These may include new members of the recently discovered ADAM gene family, of face antigens (Myles, 1993; Allen and Green, 1995; Linder et al., 1995; Wolfsberg et al., 1995) . Even if fertilin Brugge, 1995) . It would be equally interesting if inactivation of an egg integrin were involved in the plasma mem-␣/␤ turns out not to be part of the active fusogenic complex on mammalian sperm, a similar working model brane block to polyspermy. should be applicable to yet-to-be discovered fusogens.
Any model for sperm-egg membrane fusion must recPerspectives oncile two special features of the fertilization process:
The field of mammalian fertilization has advanced to a the need for the acrosome reaction and the fact that molecular level. Themes of protein-carbohydrate and fusion is restricted to localized regions of both the sperm integrin-ligand interactions reverberate from other sysand the egg surface (Myles, 1993; Yanagimachi, 1994) .
tems. As it now seems likely that multiple sperm and For example, the only portion of the egg plasma memegg surface proteins are involved, both at the level of brane to which sperm bind and fuse is the region with the ZP and during adhesion and fusion of the gamete extensive amounts of microvilli (Figure 3) . In keeping plasma membranes, the most pressing issues are to with a role for integrins in fertilization, the microvillar confirm or negate the importance of the implicated molregion is the site where integrins have been clearly localecules, to discern their precise roles, and to delineate ized (see figure 2 in Almeida et al., 1995) . their order of action. We may then be able to consider In addition to supplying acrosomal contents needed the extent to which the mechanisms and specific molefor sperm penetration of the ZP, the acrosome reaction cules of fertilization are conserved through evolution. It appears to be required to potentiate sperm for cell fuwould be surprising if with each new species, new sets sion. Several non-mutually exclusive models may acof molecules and pathways arose. On the other hand, count for this need. For example, fusion appears to be it may be that related species require different adhesion initiated through the equatorial segment and posterior molecules so as to prevent binding and fusion between head regions of the sperm plasma membrane (see figure inappropriate gametes. It will be exciting to learn how 1 in Myles, 1993 ). Yet, data with one monoclonal antievolution has solved this problem (Foltz et al., 1993 ; body suggest that fertilin ␤ on guinea pig sperm is re- Elion et al., 1995; Goodenough et al., 1995;  Swanson stricted to the posterior head region (Primakoff et al., and Vacquier, 1995; Kurvari et al., 1996) . And lastly, in 1987). Thus, a consequence of the acrosome reaction addition to furthering our understanding of cell-matrix may be to foster redistribution and concentration of and cell-cell adhesion and fusion, continuing studies of fertilin and other fusion-related molecules in the equatomammalian fertilization should be useful in clarifying rial and posterior head regions (Allen and Green, 1995;  certain forms of infertility and in developing new contraLinder et al. , 1995) . (Note that a high density of viral ceptive agents. glycoproteins is required for fusion.) In addition, the acrosome reaction may facilitate modifications (e.g., proteolytic cleavage) and rearrangements of subunits
